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Summary
Background: Post-ischemic myocardial diastolic stunning persists for a long time after transient
ischemia even after systolic function has recovered. We sought to identify coronary artery
stenosis in clinical patients using strain imaging diastolic index (SI-DI) at rest.
Methods: We retrospectively examined 85 patients with suspected coronary artery disease and
preserved ejection fraction (EF; >50%) who underwent both echocardiography and coronary
angiography. Speckle tracking strains were measured in 3 apical views and parasternal left
ventricular (LV) short-axis views at the papillary muscle level. LV segments with inadequate
image quality and deﬁcit segments in the movie were excluded by the blinded observer. After
strain analysis, LV segments were classiﬁed into no stenosis (≤50%), mild stenosis (51—75%),
and severe stenosis (>75%) groups on the bases of the coronary angiogram.
Results: SI-DI decreased signiﬁcantly in severe stenosis segments (p < 0.05, ANOVA), but none of
the peak strains showed signiﬁcant difference. The area under the curve for predicting severe
stenosis in radial, longitudinal, and transverse SI-DI was 0.72, 0.74, and 0.80, respectively.
A cut-off value of 49 for transverse SI-DI can predict LV segments with severe stenosis with
sensitivity of 0.79 and speciﬁcity of 0.73. A screening cut-off value of 63 for transverse SI-DI
shows sensitivity of 0.95 and speciﬁcity of 0.50.
∗ Corresponding author. Tel.: +81 3 5800 5411; fax: +81 3 5800 9171.
E-mail address: kimurak-int@h.u-tokyo.ac.jp (K. Kimura).
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Conclusion: SI-DI at rest is a nove
preserved EF. This index can be u
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chocardiographic detection of coronary artery disease usu-
lly requires stress tests because visible systolic dysfunction
s not always evident at rest, unless myocardial infarction is
resent [1—3]. Recently, use of strain imaging derived from
D speckle tracking analysis has been validated for quanti-
ative evaluation of regional wall motion abnormalities in
schemic heart disease [4—6]. Strain analysis is a method
or assessing regional systolic function and diastolic function
7,8]. It has also been reported that post-ischemic left ven-
ricular (LV) delayed relaxation (diastolic stunning) persists
or a long time (at least 24 h) after recovery from transient
schemia even when systolic function has recovered [9,10].
he purpose of this study was to clarify the diagnostic util-
ty of strain imaging diastolic index (SI-DI) in identifying
oronary artery disease in patients with preserved ejection
raction (EF).
ethods
atients
rom November 2006 to January 2010, we retrospec-
ively examined 142 consecutive patients with suspected
ngina pectoris who underwent both echocardiography
nd coronary angiography within a 24-h period. Patients
ere excluded if they had EF < 50%, myocardial infarc-
ion, previous cardiac surgery, non-sinus rhythm, conduction
bnormalities, left main trunk stenosis, or signiﬁcant valvu-
ar heart disease. The remaining 85 patients were enrolled
n the study analysis. Baseline patient characteristics are
isted in Table 1. The study was approved by the institutional
eview board and informed consent was obtained.oronary angiography
ll patients underwent standard coronary angiography.
he coronary artery segments and stenoses were visually
Table 1 Baseline characteristics.
Number of patients 85
Male/female 66/19
Age (years) 63 ± 12
Interventricular septal thickness (mm) 10 ± 1
LV end-diastolic diameter (mm) 48 ± 5
LV posterior wall thickness (mm) 10 ± 1
LV end-systolic diameter (mm) 30 ± 5
Ejection fraction (%) 67 ± 9
Systolic blood pressure (mmHg) 129 ± 22
Diastolic blood pressure (mmHg) 67 ± 11
Heart rate (BPM) 64 ± 11
Values are presented as mean± SD except number of patients.
LV, left ventricular.
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l marker in predicting coronary stenosis even in patients with
sed to screen patients with suspected coronary artery disease
oes not require stress provocation.
ology. Published by Elsevier Ltd. All rights reserved.
ssessed by the ﬁrst operator according to the recommen-
ation of the American Heart Association [11]. The degree
f stenosis was classiﬁed as ‘‘no stenosis’’ (≤50% diame-
er stenosis), ‘‘mild stenosis’’ (51—75% diameter stenosis),
nd ‘‘severe stenosis’’ (>75% diameter stenosis). Coronary
rtery segments 1—3 were regarded as culprit lesions for
ight coronary artery (RCA) territories. Coronary artery seg-
ents 6 and 11 were regarded as culprit lesions for left
nterior descending (LAD) and left circumﬂex (LCX) coro-
ary arteries, respectively. Segments perfused by coronary
rteries with no stenosis in the proximal segments (segments
, 2, 3, 6, and 11) and signiﬁcant stenosis in the distal seg-
ents (segments 4, 7, 8, 13, and 14) were excluded from
he analysis because distal stenosis may inﬂuence myocar-
ial function. To simplify the protocol, other branch lesions
ere exempted from the analysis.
chocardiography and speckle tracking analysis
ll patients underwent standard echocardiography within
4 h of coronary angiography [12]. Digital recordings were
onverted to audio video interleaved movies and transferred
o a personal computer workstation for ofﬂine analysis. Ret-
ospective 2D speckle tracking analysis was performed by
ne observer who was blinded to the coronary angiographic
esults. The analysis was performed using 2D speckle track-
ng software (Toshiba Medical Systems, Tochigi, Japan) as
reviously described [6,9,13]. LV myocardial segments with
oor images for speckle tracking and deﬁcit segments were
xcluded by the blinded observer.
The LV segments perfused by the 3 major coronary arter-
es were deﬁned according to the guideline of the American
ociety of Echocardiography [12]. In the parasternal LV
hort-axis image at the papillary muscle level, anterior sep-
um and anterior segments, lateral and posterior segments,
nd the inferior and inferior septum, were regarded as seg-
ents perfused by LAD, LCX, and RCA, respectively. In the
pical LV images, anterior septum and anterior segments,
ntero-lateral and infero-lateral segments, as well as infe-
ior septum and inferior segments at the papillary muscle
evel, were regarded as segments perfused by LAD, LCX,
s well as RCA, respectively. Apical segments were not
nalyzed in the current study because most of the apical
egments were inadequate for the speckle tracking analysis.
The radial strain of the total LV wall thickness was cal-
ulated in each segment of the LV short-axis image. The
ransverse strain of the total LV wall thickness and longi-
udinal strain were calculated in each segment of the apical
-chamber, long-axis, and 4-chamber images. Peak strain
as deﬁned as the highest strain value throughout the car-
iac cycle. End-systole was automatically deﬁned by the
racking software as the timing of the minimum LV cavity.
I-DI was calculated as (strain value at end-systole minus
train value at one-third of diastole duration) divided by the
train value at end-systole (%) as shown in Fig. 1 [9].
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bFigure 1 Systolic and diastolic index measured from regiona
value throughout the cardiac cycle. Strain values at end-systole
imaging diastolic index (SI-DI) was calculated as: [100× (B−C)]
Statistical analysis
Values are presented as mean± standard deviation (SD). Dif-
ferences among groups were evaluated by one-way ANOVA
followed by Scheffe’s multiple comparisons. Receiver oper-
ating characteristics curve (ROC) was created using SI-DI in
the discrimination of segments with severe stenosis, and
the area under the curve (AUC) was calculated. All p-
values were considered statistically signiﬁcant at less than
0.05.
Results
In blinded speckle tracking analysis, 183 myocardial seg-
ments in the LV short-axis view and 129 myocardial segments
in the apical LV long-axis views could be accurately ana-
lyzed. Other segments were excluded owing to inadequate
images for speckle tracking or deﬁcient segments in the
movie. According to the coronary angiographic results, 137
segments had no stenosis, 17 segments had mild stenosis,
and 15 segments had severe stenosis in the parasternal LV
short-axis view. In the apical view, 88 segments had no steno-
sis, 15 segments had mild stenosis, and 19 segments had
severe stenosis.
Each study subject had a normal EF. Speckle track-
ing analysis revealed that peak strains (systolic index)
had no signiﬁcant differences among groups with different
degrees of coronary artery stenosis. In contrast, even in
echocardiography at rest, all SI-DI (diastolic index) values
were signiﬁcantly different among the 3 groups (Table 2).
Although the SI-DI values of segments with mild stenosis
were lower than those of segments with no stenosis, the
difference was not statistically signiﬁcant. However, SI-DI
values were signiﬁcantly different between segments with
no stenosis and those with severe stenosis.
ROC curve analysis was performed for the discrimination
of segments with severe stenosis. The AUC in the case of
p
u
a
astrain curve. Peak strain (A) was deﬁned as the highest strain
nd at one-third of diastole duration (C) were measured. Strain
).
adial, longitudinal, and transverse SI-DI was 0.72, 0.74, and
.80, respectively. A cut-off value of 49 for transverse SI-DI
an predict LV segments with severe stenosis with sensitivity
f 0.79 and speciﬁcity of 0.73. A screening cutoff value of 63
or transverse SI-DI shows sensitivity of 0.95 and speciﬁcity
f 0.50 (Fig. 2).
iscussion
chocardiographic identiﬁcation of ischemic myocardial
bnormalities is crucial and often inﬂuences treatment
nd prognosis. Stress echocardiography remains the current
tandard for predicting coronary artery stenosis although
t is still mainly based on subjective visual interpretation,
elatively time-consuming, costly, and dependent on the
bserver’s skill [14—17]. The current study revealed that SI-
I at rest is another novel strategy for identifying severe
oronary stenosis.
Recent studies have shown that ischemic injury per-
ists much longer than previously thought. Ishii et al.
ave revealed that use of transverse SI-DI can demonstrate
ost-ischemic diastolic stunning despite complete systolic
unctional (peak transverse strain) recovery, and that the
hange can persist for more than 24 h after reperfusion [9].
oreover, Azevedo et al. reported that the ischemic dias-
olic dysfunction detected by cardiac magnetic resonance
maging (MRI) persists for at least 24 h even when systolic
unction has recovered [10]. Neizel et al. reported that
egional diastolic dysfunction detected by cardiac MRI per-
ists even 6 months after successful reperfusion of acute
yocardial infarction [18]. Regional diastolic index showed
etter accuracy than regional systolic index in predicting
ersistent myocardial dysfunction even at 6-month follow-
p.
Accordingly, patients with transient ischemic attack such
s angina pectoris may have regional stunned myocardium
ccompanied by ‘‘invisible’’ diastolic dysfunction even long
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Table 2 Systolic and diastolic strain values in each stenosis.
No stenosis
(≤50%)
Mild stenosis
(51—75%)
Severe
stenosis (>75%)
p-Value
(ANOVA)
Radial strain
Peak strain (%) 56.3 ± 22.6 47.7 ± 20.2 53.6 ± 24.4 0.317
SI-DI (%) 64.9 ± 17.9 59.4 ± 26.4 49.4 ± 18.9* 0.009
Longitudinal strain
Peak strain (%) −16.5 ± 3.7 −16.3 ± 3.7 −16.5 ± 5.4 0.977
SI-DI (%) 49.4 ± 20.5 40.7 ± 20.6 30.6 ± 15.6* 0.001
Tranverse strain
Peak strain (%) 31.2 ± 13.8 27.1 ± 14.8 29.3 ± 13.1 0.541
SI-DI (%) 69.8 ± 37.8 50.3 ± 60.9 37.7 ± 24.2* 0.012
Values are presented as mean± SD. SI-DI, strain imaging diastolic index calculated as (strain value at end-systole minus strain value at
one-third of diastole duration) divided by the strain value at end-systo
* p < 0.05 vs. strain value in no stenosis by Scheffe’s multiple compar
after the symptoms have disappeared. Our results also
showed regional LV diastolic dysfunction despite normal sys-
tolic function (peak strain and EF). These results indicated
that many patients with suspected coronary artery disease
have regional stunned myocardium at the time of routine
echocardiography.
SI-DI values were signiﬁcantly different between the no
stenosis and severe stenosis groups. On the other hand, SI-DI
values did not signiﬁcantly differ between the no steno-
sis and mild stenosis groups. These ﬁndings suggest that
mild stenosis may not cause ischemic changes, even in dias-
tolic function, or perhaps the number of segments with
mild stenosis was too small for detection of subtle ischemic
changes.
The accuracy of the current study results was not strong
enough for predicting coronary stenosis. However, with the
use of suitable screening cut-off values, SI-DI can show high
Figure 2 Receiver operating characteristics curve analysis of
transverse strain imaging diastolic index (SI-DI) for identifying
severe coronary artery stenosis.
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ensitivity. Thus, SI-DI can be used to rule out severe coro-
ary stenosis in routine rest echocardiography.
imitations
o simplify the deﬁnition, we ignored coronary stenosis in
he coronary branch arteries. These stenoses might inﬂu-
nce perfused myocardial function. Moreover, there are
any coronary variations that could affect the distribu-
ion of myocardial perfusion. We did not take these into
ccount in the current study. In addition, the time period
rom the last chest pain to echocardiography varied widely.
ther conditions, such as diffuse lesions with less signiﬁcant
tenosis, myocardial hypertrophy, and hypoxia, may cause
yocardial ischemia. Further studies are needed to conﬁrm
ur results under these speciﬁc conditions.
Another limitation was the image quality of the echocar-
iograms. Because of the retrospective nature of the
nalysis, many images were excluded due to poor quality for
peckle tracking analysis. Since the speckle tracking tech-
ique is dependent on image quality, we had to exclude
any myocardial segments. As a result, a limited number
f segments were analyzed. However, despite these limita-
ions, our results indicate that SI-DI is a useful non-invasive
arker for ruling out severe coronary artery stenosis.
onclusions
he diastolic index, SI-DI at rest, is a novel marker for ruling
ut severe coronary artery stenosis in routine echocardiog-
aphy, even in patients with preserved EF.
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